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DEVICE 



FIELD OF THE PRESENT INVENTION 

The present invention relates to the fabrication of integrated circuits, and more 
particularly relates to the implanting of ions of dopant materials into workpieces 
and/or substrates suitable for the fabrication of integrated circuits. More specifically, 
the present invention relates to a method of amorphizing a crystalline substrate on 
which integrated circuits are fabricated. 

DESCRIPTION OF THE PRIOR ART 

In the last several years, the numbers of circuit elements manufactured on 
semiconductor substrates has continuously grown and the size of the circuit 
elements has continuously decreased, accordingly. Presently, circuit elements are 
commonly fabricated featuring minimum sizes less than 0.18|jm and the progress in 
the manufacturing technology seems likely to continue to proceed in this manner. 

However, in the case of field-effect transistors, as process technology improved to 
the point where devices could be fabricated with a gate length less than 2pm, the 
need arose to restrict the .doping^profNes of the several implants carried out during 
the manufacturing process to shallow locations. That is, implantations need to be 
confined within shallow well predefined regions. To obtain the shallow doping profiles 
required for, for instance, halo structures, source/drain regions and channels, all 
physical mechanisms allowing dopants to penetrate into the substrate must be strictly 
controlled or eliminated. 

In particular, the principle factor to be controlled is ion-channeling. 

To accomplish this end great efforts have been made and several measures have 
been taken in the art. Among these measures, common manufacturing processes 
often use a so-called "pre-amorphization" implantation step before carrying out the 
usual dopant implantation steps. In particular, an amorphous zone is usually formed 



during a first pre-amorphization implantation and, during subsequent implantation 
processes the doped regions (halo and source/drain extension regions) are formed. 
Normally, heavy inert ions like Germanium or Xenon are implanted at an implant 
energy of approximately 80-200 keV to fully amorphize the surface regions of the 
substrate. 

In the following, a description will be given with reference to Figures 1a to 1d of a 
typical prior art process for forming the active regions of a field-effect transistor, 
including a typical "pre-amorphization" implanting step as well as a typical "halo" 
implanting step and the implanting steps for forming the source and drain regions. 

Figure 1a schematically shows a MOS transistor 100 to be formed on a substrate 1, 
such as a silicon wafer. Isolation structures 2 define an active region of the transistor 
100. Moreover, reference 3 relates to a polysilicon gate electrode of the MOS 
transistor 100. Reference 6 denotes a gate insulation layer. Reference 7a relates to 
an ion beam to which the substrate 1 is exposed during a "pre-amorphization" 
implanting process, and reference 5a relates to amorphous regions formed into the 
substrate 1 . 

In Figures 1b to 1d, those parts already described with reference to Figure 1a are 
identified by the same reference numerals. In addition, in Figure 1b, reference 7h 
relates to an ion beam to which the substrate 1 is exposed for forming the halo 
regions 5h. The dopant material implanted during such a process is of the same type 
as the dopant used for doping the substrate. That is, the halo implants for NMOS and 
PMOS devices are performed using a P-type and a N-type dopant material, 
respectively. In a sense, the halo implants reinforce the dopants in the substrate. 

In Figure 1c, reference 7e relates to an ion beam to which the substrate 1 is exposed 
for forming the source/drain extension regions of the transistor 100. Moreover, 
references 5'S and 5'D relate to the source extension region and the drain extension 
region, respectively of the transistor 100. Still in Figure 1c, reference e relates to a 
portion of the transistor 100 which is depicted in enlarged view in Figure 1c', in which 
corresponding reference numerals identify corresponding parts already described 
with reference to Figure 1c. 



In Figure 1d, reference 4 relates to dielectric sidewall spacers formed on the 
sidewalls of the polysilicon line 3 and references 5S and 5D relate to the source and 
drain regions, respectively, after a further heavy implantation step has been carried 
out for determining the final concentration of dopants in the source and drain regions. 
Finally, in Figure 1d reference 7SD identifies an ion beam to which the substrate 1 is 
exposed for forming the source and drain regions 5S and 5D. 

A typical process flow for forming the active regions of the transistor 100 comprising 
the amorphous regions 5a, the halo structures 5h and the source and drain regions 
5S and 5D may include the following steps. 

Following the formation of the gate insulation layer 6 and the overlying polysilicon line 
3 according to well known lithography and etching techniques, the amorphous 
regions 5a are formed during a first pre-amorphization implantation step (see Figure 
1a). To this end, the substrate 1 is exposed to the ion beam 7a and heavy ions such 
as, for example, Phosphorous (P) Arsenic (As), and Argon (Ar) are implanted into the 
substrate at an implanting energy of about 80 keV. The ion beam 7a is normally kept 
perpendicular or at a weak tilt angle (up to 10°) with respect to a direction 
perpendicular to the surface of the substrate 1 . 

It has been observed that at a predefined implanting dose, local amorphous regions 
are created by the ions penetrating into the substrate, which eventually overlap till a 
continuous amorphous layer is formed. 

This amorphous layer (or the amorphous regions; 5a) is formed with the purpose of 
controlling ion channeling during the next implanting steps so as to obtain shallow 
implanting profiles for both the halo regions and the source and drain regions to be 
formed in a substrate. That is, the implanted ions do not penetrate in an amorphous 
layer as deeply as in a crystalline layer so that the implanted ions can be confined to 
shallower regions and the actual doping profile and final dopant concentration of 
those regions implanted after the pre-amorphization implantation step can be better 
controlled. However, due to the fact that the amorphous regions 5a are formed with a 
non or weakly tilted implantation beam, only the vertical penetration depth of 
subsequent doping profiles can be reduced. 



In a next step as depicted in Figure 1b, the halo regions 5h of the transistor 100 are 
formed. In particular, a further ion implantation step is carried out during which the 
substrate is exposed to an ion beam 7h. As depicted in Figure 1b, during the 
depicted halo implant the ion beam 7h is kept perpendicular with respect to a 
direction perpendicular to the surface of the substrate 1 or the ion beam 7h is weakly 
tilted (up to 10°) with respect to the surface of the substrate 1. The dopant 
concentration in the regions 5h as well as the implant energy of the dopants are 
selected depending on the type of transistor to be formed on the substrate 1 . For 
instance, boron ions in NMOS and phosphorous ions in PMOS are implanted to form 
a halo punch-through suppression region in each device. Usually, boron implanted at 
90 keV with a dose of 2 x 10 13 cm" 2 . Similar procedures are used for implanting 
phosphorous. 

A thermal treatment such as an annealing step is usually performed after the ion 
implantation step for diffusing dopants into the substrate. 

As apparent from Figure 1d, the halo regions 5h, in correspondence of the edges of 
the polysilicon line 3 and the gate 6 extend outside the amorphous zones 5a. This is 
due to the fact that during the implantation steps for forming the amorphous zones 
5a, the ion beam is kept substantially perpendicular with respect to the surface of the 
substrate 1, so that the edges of these amorphous regions 5a are substantially 
aligned with the edges of the gate 6. Accordingly, ion-channeling during the 
subsequent implantation steps for forming the halo structures 5h cannot be 
adequately controlled in the horizontal direction or, in other words, the doping profile 
of the halo regions 5h cannot be kept as shallow as desired in the horizontal direction 
but portions of the halo regions are formed extending beyond the amorphous regions 
5a. 

During a next step as depicted in Figure 1c, a third ion implantation step is carried 
out to form the source/drain extension regions 5'S and 5'D. To this end, by exposing 
the substrate 1 to an ion beam 7e, a dose of approximately 3 x 10 13 - 3 x 10 14 cm" 2 
dopant ions is implanted at low energy (3 to 5 keV). This third ion implantation step is 
performed with N-type and P-type dopant materials for NMOS and PMOS devices, 
respectively. The problem arising during the halo implantation step of Figure 1b, 
namely that ion channeling cannot be adequately controlled in the horizontal 
direction, arises during the ion implantation step of 1c as well. Accordingly, the 



source and drain regions 5'S and 5'D cannot be contained inside the amorphous 
regions 5a previously formed but portions of the source and drain regions 5'S and 
5'D extend beneath the layer 6 and the overlying polysilicon line 3, especially after a 
heat treatment process is performed. Accordingly, also the doping profiles of the 
source and drain regions 5'S and 5'D cannot be kept as shallow as desired in the 
horizontal direction. 

In particular, the situation after the implanting step of Figure 1c is that depicted in 
enlarged view in Figure 1c', with the doping profiles of both the source and drain 
extension regions 5'S and the halo regions 5h extending beyond the doping profile of 
the amorphous 5a, in correspondence of the edges of the layer 6 and the overlying 
polysilicon line 3. 

During a subsequent step, the source and drain regions 5S and 5D of the transistor 
100 are completed as depicted in Figure 1d. In particular, dielectric sidewalls spacers 
4 are formed on the sidewalls of the polysilicon line 3 according to well-known 
techniques and a further heavy implantation step is carried out for implanting dopants 
into those regions of the substrate not covered by the polysilicon line 3 and the 
sidewall spacers 4. At the end of the heavy implantation step, the source and drain 
regions 5S and 5D are formed to exhibit the desired dopant concentration. For 
NMOS and PMOS type devices, this heavy implantation step is performed using a N- 
type and P-type dopant material, respectively. The manufacturing process is then 
continued to complete the transistor 100 according to techniques well known to those 
skilled in the art. 

As stated above, the pre-amorphization implanting process as depicted in Figure 1a 
is performed for the purpose of controlling the ion-channeling during the subsequent 
implanting steps to obtain doping profiles for both the halo structures and the source 
and drain regions that are as shallow as required in view of the reduced planar 
dimensions of the modern transistors. That is, by pre-amorphizing the substrate, the 
dopants implanted into the substrate during subsequent implanting processes are 
confined to shallow regions of a reduced depth close to the surface of the substrate. 

However, as stated above, the prior art pre-amorphization process as depicted with 
reference to Figure 1a has the disadvantage that the ion-channeling during 
subsequent implanting processes cannot be adequately controlled in the horizontal 



direction. Accordingly, the dopants implanted into the substrate during subsequent 
implanting processes may not be confined into shallow regions of predefined 
horizontal dimensions and the dopant concentration cannot be adequately controlled 
in correspondence of the channel edges. This in particular leads to reduced effective 
channel dimensions, with corresponding short-channel affects, affecting the 
transistor. 

Accordingly, in view of the problems explained above, it would be desirable to 
provide a technique that may solve or at least reduce one or more of these problems. 
In particular, it would be desirable to provide a technique that allows the prevention 
and/or reduction of ion channeling during halo implantation and source and drain 
implantation processes in both the vertical and the horizontal direction. 

SUMMARY OF THE INVENTION 

In general, the present invention is based on the consideration that ion-channeling 
may be prevented or reduced .in both the vertical and horizontal direction by 
performing a pre-amorphizing implantation step during which the substrate is 
exposed to an ion beam which is kept at a large tilt angle with respect to a direction 
perpendicular to the surface of the substrate. 

For example, by performing a pre-amorphizing implantation step during which the ion 
beam is kept at a tilt angle of approximately 40° amorphous regions may be obtained 
extending partially beneath the gate insulation layer and the overlying polysilicon 
structure. This enables a good confinement of the following implantation steps in both 
the vertical and the horizontal direction. Accordingly, the dopants implanted into the 
substrate during subsequent implanting processes are confined to regions of both a 
reduced depth close to the surface of the substrate and predefined planar 
dimensions, with these shallow regions exhibiting a well defined dopant 
concentration in both the vertical and horizontal direction. 

Moreover, the present invention is based on the further consideration that ion- 
channeling may be prevented or reduced in both the vertical and horizontal direction 
by performing an amorphizing implantation step during which the tilt angle is varied. 
For example, by dividing the amorphization implanting step into several periods 
and/or segments amorphous regions of a predefined profile may be obtained, thus 



preventing ion-channeling during subsequent implantation steps in both the vertical 
and horizontal dimension, even if during these subsequent implantation steps the ion 
beam is tilted with respect to the surface of the substrate. For example, by dividing 
the amorphization step into several periods and/or segments, predefined regions of 
the substrate may be amorphized, depending on the tilt angles during the 
implantation periods, thus suppressing and/or minimizing the ion-channeling which 
usually arises in these regions. 

According to one embodiment, the present invention relates to a method of forming 
at least one field-effect transistor on a semiconductive substrate. The method 
comprises forming at least one gate structure above an active region of the at least 
one transistor and implanting ions of at least one dopant material through the 
portions of the surface of the substrate not covered by the at least one gate structure, 
by exposing the surface of the substrate to at least one ion beam of the at least one 
dopant material so as to substantially amorphize the exposed portions of the surface 
to a predefined depth. Moreover, the ion beam is kept to a tilt angle with respect to a 
direction perpendicular to the surface of the substrate. 

According to another embodiment, the present invention relates to a method of 
forming at least one field-effect transistor on a semiconductive substrate. The method 
comprises forming at least one polysilicon gate structure above an active region of 
the at least one transistor. Moreover, the method comprises implanting ions of at 
least a first dopant material during a first implantation step through the portions of the 
surface of the substrate not covered by the gate structure by exposing the surface of 
the substrate to at least one ion beam of the at least one dopant material so as to 
substantially amorphize the exposed portions of the substrate to a predefined depth. 
The method further comprises implanting ions of a first predefined conductivity type 
during a second implantation step through the portions of the surface of the substrate 
not covered by the gate structure so as to form halo structures into the amorphized 
portions of the substrate. Moreover, during the first implantation step, the ion beam is 
kept at a tilt angle with respect to a direction perpendicular to the surface of the 
substrate. 

According to a further embodiment of the present invention, a method of forming at 
least one field-effect transistor on a semiconductive substrate is provided. The 
method comprises forming at least one gate structure above an active region of the 
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at least one transistor and implanting ions of at least one dopant material through the 
portions of the surface of the substrate not covered by the at least one gate structure 
by exposing the surface of the substrate to at least one ion beam of the at least one 
dopant material so as to substantially amorphize the exposed portions of the 
substrate to a predefined depth. Moreover, the tilt angle of the ion beam with a 
direction perpendicular to respect to the surface of the substrate is varied according 
to a predefined time schedule comprising a plurality of implanting periods and the tilt 
angle is kept within a predefined range during each implanting period. 

According to another embodiment, the present invention relates to a method of 
forming at least one field-effect transistor on a semiconductive substrate. The method 
comprises forming at least one polysilicon gate structure above an active region of 
the at least one transistor. Furthermore, the method comprises implanting ions of at 
least a first dopant material during a first implantation step through the portions of the 
surface of the substrate not covered by the gate structure by exposing the surface of 
the substrate to at least one ion beam of the at least one dopant material so as to 
substantially amorphize the exposed portions of the substrate to a predefined depth. 
The method further comprises implanting ions of a first predefined conductivity type 
during a second implantation step through the portions of the surface of the substrate 
not covered by the gate structure so as to form halo structures into the amorphized 
portions of the substrate. During the first implantation step the tilt angle of the ion 
beam with respect to a direction perpendicular to the surface of the substrate is 
varied according to a predefined time schedule comprising a plurality of implanting 
<H%f " periods and the tilt angle is kept within a predefined range during each implanting 
period. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further advantages, objects and features as well as embodiments of the present 
invention are defined in the appended claims and will become more apparent with 
the following detailed description when taken with reference to the accompanying 
drawings in which identical or corresponding parts are identified by the same 
reference numerals. 



Figures 1a to 1d represent a typical process sequence of a prior art method of 
forming the source and drain regions of a field-effect transistor comprising the step of 
implanting ions to amorphize the substrate. 

Figure 1c' represent an enlarged view of the portion e depicted in Figure 1c. 

Figure 2a to 2d represent a process sequence or a method of forming the source and 
drain regions of a field effect transistor comprising an amorphizing implantation 
process according to an illustrative embodiment of the present invention. 

Figure 2d' represents an enlarged view of the portion e depicted in Figure 2d; 

Figures 3a to 3c represent an amorphizing implantation process according to a 
£^ further illustrative embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

While the present invention is described with reference to the embodiments as 
illustrated in the following detailed description as well as in the drawings, it should be 
understood that the following detailed description as well as the drawings are not 
intended to limit the present invention to the particular illustrative embodiments 
disclosed, but rather that the described illustrative embodiments merely exemplify 
various aspects of the present invention, the scope of which is defined by the 
appended claims. 

r*x T ^ e P^sent invention is understood to be of particular advantage when used for 
forming the active regions of field-effect transistors. For this reason, examples will be 
given in the following in which corresponding embodiments of the present invention 
are applied to the formation of the active regions of a field-effect transistor. However, 
it has to be noted that the use of the present invention is not limited to the formation 
of the active regions of field-effect transistors, but rather the present invention can be 
used in any other situation in which the realization of shallow doping profiles in a 
substrate and/or a workpiece is required. The present invention can be carried out in 
all those situations in which it is required to control the ion channeling during ion 
implantation steps with the purpose of forming well-confined doping profiles 
exhibiting a reliable dopant concentration in both the vertical and the horizontal 
direction. The present invention can be carried out in all those situations in which 



optimum design of doped regions in a substrate is required. The present invention is 
therefore applicable in these situations and the source and drain regions of a field 
effect transistor depicted in the following illustrative embodiments are to represent 
any such portion and/or region of a substrate. 

With reference to Figures 2a to 2d, an illustrative embodiment of the amorphizing 
method of the present invention will now be described. 

In Figure 2a, reference 1 relates to a substrate on which a field-effect transistor 100 
has to be formed, such as, for example, a PMOS, an NMOS, as used as a part of a 
CMOS pair. Reference 2 relates to isolation structures defining an active region of 
the transistor 100. The isolation structures 2 are provided as shallow-trench-isolation 
( f j£jjh (STI) structures. However, other isolation structures, for instance LOCOS structures 
(local oxidational of silicon) could have been formed instead of STI structures. The 
isolation structures 2 essentially comprise an isolating material such as silicon 
dioxide, silicon nitride, or the like. Reference 3 relates to a polysilicon gate electrode, 
in the following also referred to as polysilicon gate line, formed on a gate insulation 
layer 6, patterned on the active region of the substrate 1 . Moreover, in Figure 2a 
references 8da and 8db relate to corresponding ion beams to which the substrate 1 
is exposed for the purpose of implanting ions through the portions of the surface of 
the substrate 1 not covered by the polysilicon line 3 and the underlying gate 
insulation layer 6 so as to damage the crystalline structure of the substrate 1. Finally, 
in Figure 2a reference 5d relates to regions of the substrate 1 in which the crystalline 




beams 8da and 8db. The regions 5d may either be continuous amorphous regions or 
may contain isolated crystal damages and/or non-overlapping amorphous regions, as 
will become more apparent in the following disclosure. 



In Figures 2b to 2d, the features already described with reference to Figure 2a are 
identified by the same reference numerals. 

In Figure 2b, reference 8h relates to an ion beam to which the substrate 1 is exposed 
for the purpose of implanting dopants into the substrate 1 so as to form halo 
structures into the damaged and/or amorphous regions 5d. These halo structures are 
identified in Figure 2b by the reference numeral 5h and may include angled halo 
implants although this is not shown in Fig. 2b. 



In Figure 2c, reference 8e identifies an ion beam to which the substrate 1 is exposed 
for the purpose of forming the source and drain extension regions of the transistor 
100. These source and drain extension regions are identified in Figure 2c by the 
reference numerals 5'S and 5'D, respectively. 

In Figure 2d, reference 7SD identifies a further ion beam to which the substrate 1 is 
exposed during a further implantation process for the purpose of forming the source 
and drain regions of the transistor 100, with these source and drain regions being 
identified by the reference numerals 5S and 5D, respectively. Usually, a heavy 
implantation step is carried out for determining the final concentration of the source 
and drain regions 5S and 5D. For NMOS and PMOS type devices, this heavy 

_ implantation step is performed using an N-type and a P-type dopant material, 

|f respectively. 

The manufacturing process for the formation of the active region of the transistor 100 
depicted in Figure 2d may include the following steps. 

As apparent from Figure 2a, a polysilicon gate structure, including the polysilicon line 
3 and the gate insulation layer 6, is formed first according to well known techniques. 
The formation of the active regions normally starts after the polysilicon gate structure 
has been formed. 

During a first implanting step according to the present invention, ions are implanted 
into the silicon substrate 1 so as to form amorphous regions 5d. For this purpose, the 
jj^ substrate 1 is exposed to an ion beam which is kept at a tilt angle with respect to a 
direction perpendicular to the surface of the substrate. In particular, a tilt angle may 
be selected between 10° and 80°, depending on the circumstances. If the 
implantation is performed at a large tilt angle as depicted in Figure 2a, the 
amorphous regions induced will extend well beneath the polysilicon gate structure. In 
contrast, when the implanting process is performed at an angle of about 10° or less, 
the amorphous regions will not extend beneath the gate structure to any great extent. 
Since the ion beam is kept at a tilt angle with respect to the surface of the substrate, 
the implanting process usually comprises two semi-periods, wherein the substrate 1 
is rotated 180° about an axis perpendicular to the surface of the substrate at the end 
of the first semi-period and upon entering the second semi-period. That is the 
substrate 1 is exposed to the same ion beam during the first and second semi- 
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periods, and the ion beams 8da and 8db of Figure 2a simply indicate that the 
substrate has been rotated 180°. 

Alternatively, the orientation of the ion beam may be varied at the end of the first 
semi-period and upon entering the second semi-period. In this case, the substrate 1 
is exposed to two ion beams during the first and second semi-periods, respectively, 
and the ion beams 8da and 8db of Figure 2a indicate that the ion beam has been 
rotated. 

Typical implant elements are xenon or other heavy inert ions such as germanium, 
silicon, argon, or combinations thereof, etc. at an implant energy in the range of 
approximately 50 to 1 50 keV. 

Moreover, the amorphizing implantation step can be carried out so as to induce 
crystal damages and/or non-overlapping amorphous portions or the amorphizing 
implanting step can be carried out until these isolated amorphous portions overlap so 
that substantially uniform amorphous regions are formed. Typical implanting doses 
are in the range of approximately 1 x 10 11 / cm 2 to 1 x 10 14 /cm 2 . 

Since the ion beam is kept at a tilt angle with respect to the surface of the substrate 
the amorphous regions 5d extend at least partially beneath the polysilicon gate 
structure. This allows a well-controlled suppression of the penetration depth both in 
lateral and vertical directions for subsequent implant steps of doping elements to 
form halo, and source and drain regions. In other words, the subsequent implanting 
\ structures will exhibit an optimum profile tailoring and a predefined dopant 
concentration both in the vertical and in the horizontal direction. 

Once the amorphous regions 5d have been formed as described above, the 
manufacturing process is continued to form, halo regions into the substrate during a 
subsequent implantation step as depicted in Figure 2b. To this end, the substrate 1 is 
exposed to an ion beam 8h and dopants are implanted into the amorphous regions 
5d through those portions of the surface of the substrate 1 not covered by the 
polysilicon gate structure. The ion beam 8h may be kept either perpendicular to the 
surface of the substrate (0° tilt) or at a tilt angle with respect to the perpendicular to 
the surface of the substrate. 



A tilt angle may be preferred in those circumstances in which halo regions are 
needed extending slightly into the channel region of the field-effect transistor 100, i.e. 
beneath the polysilicon gate structure. In contrast, in those circumstances in which 
halo structures are needed extending considerably in the vertical direction and less in 
the horizontal direction, a perpendicular ion beam is preferred. When a tilt angle is 
preferred, the implanting step is divided in two semi-periods, with either the substrate 
or the ion beam being rotated upon entering the second semi-period as explained 
above. 

The halo regions 5h allow to prevent or to at least to reduce the short-channel 
effects, in particular the punch-through effect, in the transistor 100. The dopant 
concentration in the regions 5h as well as the implant energy and the dopant are 
selected depending on the type of transistor to be formed on the substrate 1 . For 
instance, boron ions in NMOS and phosphorous ions in PMOS are implanted to form 
a halo punch-through suppression region in each device. Usually, phosphorous is 
implanted at 90 keV with a dose of 2 x 10 13 cm" 2 at 25° tilt, in two segments, with the 
substrate rotated 180 between the two segments. Similar procedures are used for 
implanting boron. 

A thermal treatment such as an annealing step is performed after the halo ion 
implantation step for diffusing the dopants into the substrate. 

As stated above, due to the fact that the amorphous regions 5d have portions 
extending beneath the polysilicon gate structure, ion-channeling during the halo 
implanting step can be well controlled both in the vertical and the horizontal direction. 
That is, only very small amounts of the halo dopants may penetrate and/or diffuse 
into the channel region of the transistor 100 in a non-controlled way, or the halo 
dopants may even substantially completely be prevented from entering the channel 
region, but the penetration of the halo dopants into the channel region will be 
controlled and kept within predefined limits. Accordingly, the halo regions 5h may 
exhibit a desired doping profile in a substantially optimum manner, thereby tailoring 
both in the vertical and the horizontal direction i.e., the extension of the halo regions 
5h into the substrate can be controlled in the vertical and in the horizontal direction 
and shallow halo structures can be obtained exhibiting a reliable dopant 
concentration. 



The manufacturing process is then carried out to complete the transistor 100 
according to techniques well known to those skilled in the art. 

In particular, during a next step as depicted in Figure 2c a further ion implantation 
process is carried out for forming the source/drain extension regions 5'S and 5'D. To 
this end, a dose of approximately 3 x 10 13 to 3 x 10 14 cm' 2 dopant ions is implanted at 
low energy (3-5keV) by exposing the substrate 1 to an ion beam 8e. Usually, N-type 
and P-type dopant materials are used for NMOS and PMOS devices, respectively. 

The source and drain regions 5S and 5D of the transistor 100 are then completed 
during a subsequent step as depicted in Figure 2d. In particular, dielectric sidewall 
spacers 4 are formed first on the sidewalls of the polysilicon line 3 according to well 
known techniques and a further heavy implantation step is carried out for implanting 
dopants into those regions of the substrate not covered by the polysilicon line 3 and 
the sidewall spacers 4. To this end, the substrate 1 is exposed to an ion beam 7SD 
which is usually kept substantially perpendicular with respect to the surface of the 
substrate 1. At the end of the heavy implantation step, the source and drain regions 
5S and 5D are formed to exhibit a predefined dopant concentration. For NMOS and 
PMOS type devices, this heavy implantation step is performed using an N-type and 
P-type dopant material, respectively. 

Also in the case of the implanting steps depicted in Figures 2c and 2d for forming the 
source and drain extension regions and the source and drain regions, ion channeling 
is reduced because of the amorphous regions 5d previously formed according to the 
present invention, in particular, the situation after formation of the source and drain 
regions will be the one depicted in Figure 2d' where there is depicted in an enlarged 
view the portion e defined by the dashed line in Figure 2d. as apparent from Figure 
2d', neither the source region 5S nor the halo region 5h extend horizontally beyond 
the amorphous region 5d. That is, penetration of the dopants in the horizontal 
direction is controlled as well as in the vertical direction. Shallow junctions are 
therefore formed and the dopant regions exhibit a predefined dopant concentration 
and an optimum doping profile tailoring. 

Once the source and drain regions 5S and 5D have been formed, the manufacturing 
process is continued to complete the transistor 100 according to techniques well 
known to those skilled in the art. 
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With reference to Figures 3a to 3d, a further illustrative embodiment of the method of 
the present invention for amorphizing a crystalline substrate will now be described. 

In Figures 3a to 3d, the features already described with reference Figures 2a to 2d 
are identified by the same reference numerals. Moreover, in Figures 3a to 3c, 
references 8d 11 and 8d12, 8d21 and 8d22, 8d31 and 8d32 relate to corresponding 
ion beams to which the substrate is exposed for the purpose of amorphizing the 
substrate. The tilt angles a,p and y of these ion beams differ from each other. 

During the implanting process according to the present embodiment for amorphizing 
the substrate, the tilt angle between the ion beam and the surface of the substrate 1 
is not kept constant but is varied during the implanting process according to a 
predefined time schedule. That is, the implanting process comprises several 
implanting periods and/or segments, and the tilt angle between the ion beam and the 
surface of the substrate is varied from each segment to the subsequent segment. In 
particular, by choosing a non-constant timing for the different periods (at different 
implant angles of the implant process), predefined portions of the substrate may be 
amorphized to suppress or minimize ion-channeling arising in these regions during 
subsequent implanting processes. 

Usually, the tilt angle may be varied between 10° and 80°. By selecting a predefined 
time schedule it becomes possible to realize amorphous zones having a particular 
shape. For instance, if the implanting with a tilt angle of about 80° is prolonged the 
amorphous regions will extend considerably beneath the polysilicon gate structure. 
On the contrary, if the implanting segment with a small tilt angle is prolonged, the 
amorphous regions will extend more in a vertical direction and less beneath the 
polysilicon gate structure. 

In the illustrative embodiment depicted in Figures 3a to 3c, the method of implanting 
ions according to the present invention for amorphizing the substrate comprises three 
periods or segments. During a first period as depicted in Figure 3a, the ion beam is 
kept at a predefined tilted angle a with respect to a direction perpendicular to the 
surface of the substrate 1 . In the particular example depicted in Figure 1 , the angle a 
is about 60°. The tilt angle a may either be kept substantially constant during the first 
implanting segment or it may be kept within a predefined range. The first implanting 
period may comprise two semi-periods, wherein the substrate is rotated 180° about 
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an axis perpendicular to the surface of the substrate at the end of the first semi- 
period and upon entering the second semi-period. In this case, the substrate is 
exposed to the same ion beam during the first and second semi-period, and the ion 
beams 8d11 and 8d12 in Figure 3a simply indicate that the substrate has been 
rotated 180°. Alternatively, the orientation of the ion beam can be modified, for 
instance by rotating the ion beam source, so as to expose the substrate to two ion 
beams 8d1 1 and 8d12 during the first and second semi-periods. 

The implanting process is then continued by varying the tilt angle and implanting 
dopants during a second implanting segment as depicted in Figure 3b. In the 
particular example of Figure 3b, the tilt angle p is selected to about 45°. Again during 
the second period the tilt angle 9 can either be kept constant or kept within a 
predefined range. Moreover, the length of the second period may be either different 
from the length of the first period or may correspond to the length of the first period. 
Moreover, the second implanting period may be divided into two semi-periods and 
either the substrate may be rotated 180° or the ion beam source may be rotated. The 
ion beams 8d21 and 8d22 of Figure 3b indicate that the implanting period is divided 
into two semi-periods. 

The implanting process is then continued with a third tilt angle y; in the particular 
example of Figure 3c a tilt angle y of about 30° has been selected for the ion beams 
8d31 and 8d32. Again, the third implanting period may be divided into two semi- 
periods with either the substrate 1 being rotated approximately 180° upon entering 
the second semi-period or the orientation of the ion beam being modified . The total 
length of the third period may correspond to the length of one or both of the first and 
second period. Alternatively, the total length of the third period may differ from the 
length of the first and second period. 

At the end of the implanting process as depicted with reference to Figures 3a and 3d 
the situation on the substrate will be the one depicted in Figure 3d. In particular, as 
apparent from Figure 3d, the amorphous regions 5h exhibit a predefined shape 
depending on the time schedule selected for the amorphizing implantation process, 
accordingly, the amorphizing implanting process as depicted above allow to 
amorphize those portions of the substrate in which the need arises of preventing ion 
channeling. 



It has to be noted that any number of implanting periods can be selected. For 
instance, two to ten periods of more can be provided, depending on the final shape 
required for the amorphous regions to be formed in the substrate 1. 

The advantages of using an amorphizing implantation process according to the 
present invention are based on the fact that ion-channeling can be reduced and/or 
controlled during subsequent implanting processes both in the vertical and in the 
horizontal direction. This is accomplished by keeping the ion beam at a tilted angle 
between 10 and 80° during the amorphizing implantation process. The tilt angle may 
either be kept constant during the implanting process or may be varied according to a 
predefined time schedule. 

Mt 

It should be noted that a wide range of changes and modifications can be made to 
the embodiments described above. It is therefore also understood that are the 
claims, including all equivalencies, that define the scope of the invention. 



A method of forming at least one field-effect transistor on a semiconductive 
substrate, the method comprising: 

forming at least one gate structure above an active region of the at least one 
transistor; 

implanting ions of at least one material through the portions of the surface of the 
substrate not covered by the at least one gate structure by exposing the surface 
of the substrate to at least one ion beam of the at least one material so as to 
substantially amorphize the exposed portions of the surface to a predefined 
depth; 

wherein the ion beam is kept at a tilt angle with respect to a direction 
perpendicular to the surface of the substrate. 

A method as claimed in claim 1, wherein the tilt angle is selected between 10° 
and 80°. 

A method as claimed in claim 1 wherein the at least one material comprises 
heavy inert ions. 

A method as claimed in claim 3, wherein the heavy inert ions comprise one-of 
Xe, Ge, Si, Ar, or a combination thereof. 

A method as claimed in claim 1, wherein the implanting energy is in the range of 
approximately 50 to 1 50 keV. 

A method as claimed in claim 1, wherein the implanting dose is in the range of 
approximately 1 x 10 11 /cm 2 to 1 x 10 14 /cm 2 . 

A method as claimed in claim 1, wherein the semiconductive material comprises 
one of Si and Ge. 

A method as claimed in claim 1 , wherein the field-effect transistor is one of an 
NMOS and a PMOS transistor. 
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9. A method as claimed in claim 1 , wherein the substrate is rotated approximately 
180° about an axis perpendicular to the surface at least once during implanting. 

10. A method of forming at least one field-effect transistor on a semiconductive 
substrate, the method comprising: 

forming at least one gate structure above an active region of the at least one 
transistor; 

implanting ions of at least a first material during a first implantation step through 
the portions of the surface of the substrate not covered by the gate structure by 
exposing the surface of the substrate to at least one ion beam of the at least 
first material so as to substantially amorphize the exposed portions of the 
substrate to a predefined depth; 

implanting ions of a first predefined conductivity type during a second 
implantation step through the portions of the surface of the substrate not 
covered by the gate structure so as to form halo structures into the amorphized 
portions of the substrate; 

wherein during the first implantation step the ion beam is kept at a tilt angle with 
respect to a direction perpendicular to the surface of the substrate. 



11. A method as claimed in claim 10, wherein the tilt angle is in the range of 
approximately 10° to 80°. 

12. A method as claimed in claim 10, wherein the at least first material comprises 
heavy inert ions. 

13. A method as claimed in claim 12, wherein the heavy inert ions comprise one of 
Xe, Ge, Si, Ar or a combination thereof. 

14. A method as claimed in claim 10, wherein the implanting energy during the first 
implantation step is kept in the range of approximately 50 to 1 50 KeV. 

15. A method as claimed in claim 10, wherein the implanting dose during the first 
implantation step is in the range of approximately 1 x 10 11 / cm 2 to 1 x 10 14 / cm 2 . 
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16. A method as claimed in claim 10, wherein the semiconductive material 
comprises one of Si and Ge. 

17. A method as ciaimed in claim 10, further comprising implanting ions of a second 
predefined conductivity type opposed to the first conductivity type during a third 
implantation step into the amorphized portions of the substrate. 

18. A method as claimed in claim 17, further comprising forming spacer elements 
adjacent to a portion of the sidewalls of the gate structure; and 

implanting ions of a predefined conductivity type corresponding to one of the 
first and second conductivity types during a fourth implantation step through at 
least the portions of the surface not covered by the gate structures and the 
spacer elements. 

19. A method as claimed in claim 10, wherein the field-effect transistor is one of an 
NMOS and a PMOS transistor. 

20. A method as claimed in claim 10, wherein the substrate is rotated approximately 
180° about an axis substantially perpendicular to the surface at least once 
during the first implantation step. 

21. A method of forming at least one field-effect transistor on a semiconductive 
substrate, the method comprising: 

forming at least one gate structure above an active region of the at least one 
transistor; 

implanting ions of at least one material through the portions of the surface of the 
substrate not covered by the at least one gate structure by exposing the surface 
of the substrate to at least one ion beam of the at least one material so as to 
substantially amorphize the exposed portions of the substrate to a predefined 
depth; 

wherein the tilt angle of the ion beam with respect to a direction perpendicular to 
the surface of the substrate is varied according to a predefined time schedule 
comprising a plurality of implanting periods, and 
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wherein the tilt angle is kept within a predefined range during each implanting 
period. 

22. A method as claimed in claim 21, wherein the tilt angle may be varied in the 
range of approximately 10° to 80°. 

23. A method as claimed in claim 21, wherein the at least one material comprises 
heavy inert ions. 

24. A method as claimed in claim 23, wherein the heavy inert ions comprise one of 
Xe, Ge, Si, Ar or a combination thereof. 

25. A method as claimed in claim 21, wherein the implanting periods have different 
lengths. 

26. A method as claimed in claim 21, wherein the tilt angle is substantially kept 
constant during each implanting period. 

27. A method as claimed in claim 21, wherein the implanting energy is varied 
according to the predefined time schedule and wherein during each implanting 
period the implanting energy is kept within a predefined range. 

28. A method as claimed in claim 27, wherein the implanting energy is varied in the 
range of approximately 50 to 150 keV. 

29. A method as claimed in claim 21, wherein the implanting dose is varied 
according to the predefined time schedule and wherein the implanting dose is 
kept within a predefined range during each implanting period. 

30. A method as claimed in claim 29, wherein the implanting dose is varied in the 
range of approximately 1 x 1 0 11 / cm 2 to 1 x 1 0 14 / cm 2 . 

31. A method as claimed in claim 21, wherein the semiconductive material 
comprises one of Si and Ge. 

32. A method as claimed in claim 21 , wherein the field-effect transistor is one of an 
NMOS and a PMOS transistor. 
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33. A method as claimed in claim 21 , wherein the substrate is rotated approximately 
180° about an axis substantially perpendicular to the surface at least once 
during each implanting period. 

34. A method of forming at least one field-effect transistor on a semiconductive 
substrate, the method comprising: 

forming at least one gate structure above an active region of the at least one 
transistor; 

implanting ions of at least a first material during a first implantation step through 
the portions of the surface of the substrate not covered by the gate structure by 
exposing the surface of the substrate to at least one ion beam of the at least 
one material so as to substantially amorphize the exposed portions of the 
substrate to a predefined depth; 

implanting ions of a first predefined conductivity type during a second 
implantation step through the portions of the surface of the substrate not 
covered by the gate structure so as to form halo structures into the amorphized 
portions of the substrate; 

wherein during the first implantation step the tilt angle of the ion beam with 
respect to a direction perpendicular to the surface of the substrate is varied 
according to a predefined time schedule comprising a plurality of implanting 
periods, and 

wherein the tilt angle is kept within a predefined range during each implanting 
period. 

35. A method as claimed in claim 34, wherein during the first implantation step the 
tilt angle may be varied in the range of approximately 10° to 80°. 

36. A method as claimed in claim 34, wherein the at least one material comprises 
heavy inert ions. 

37. A method as claimed in claim 36, wherein the heavy inert ions comprise one of 
Xe, Ge, Si, Aror a combination thereof. 
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38. A method as claimed in claim 34, wherein the implanting periods have different 
lengths. 

39. A method as claimed in claim 34, wherein the tilt angle is substantially kept 
constant during each implanting period. 

40. A method as claimed in claim 34, wherein during the first implantation step the 
implanting energy is varied according to the predefined time schedule and 
wherein during each implanting period the implanting energy is kept within a 
predefined range. 

41 . A method as claimed in claim 40, wherein the implanting energy may be varied 
in the range of approximately 50 to 1 50 keV. 

42. A method as claimed in claim 34, wherein during the first implantation step the 
implanting dose is varied according to the predefined time schedule and 
wherein the implanting dose is kept within a predefined range during each 
implanting period. 

43. A method as claimed in claim 42, wherein the implanting dose may be varied in 
the range of approximately 1 x 10 11 /cm 2 to 1 x 10 14 / cm 2 . 

44. A method as claimed in claim 34, wherein the semiconductive material 
comprises one of Si and Ge. 

45. A method as claimed in claim 34, further comprising implanting ions of a second 
predefined conductivity type opposed to the first conductivity type during a third 
implantation step into the amorphized portions of the substrate. 

46. A method as claimed in claim 45, further comprising forming spacer elements 
adjacent to a portion of the sidewalls of the gate structure; and 

implanting ions of a predefined conductivity type corresponding to one of the 
first and second conductivity types during a fourth implantation step through at 
least the portions of the surface not covered by the gate structures and the 
spacer elements. 

47. A method as claimed in claim 34, wherein the field-effect transistor is one of an 
NMOS and a PMOS transistor. 



A method as claimed in claim 34, wherein during the first implantation step 
wherein the substrate is rotated approximately 180° about an axis substantially 
perpendicular to the surface at least once during each implanting period. 



ABSTRACT 



An implanting process for amorphizing a crystalline substrate is proposed according 
to the present invention. In particular, according to the present invention amorphous 
regions are formed in a substrate by exposing the substrate to an ion beam which is 
kept at a tilt angle between 10° and 80° with respect to the surface of the substrate. 
Accordingly, ion channeling during subsequent implanting processes is prevented not 
only in the vertical direction but also in the horizontal direction so that doped regions 
exhibiting optimum doping profile tailoring may be realized. 
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